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erm.ned lengths differences are equivalent to a fiber 
length that would be traversed by the input signal during 
a time period required for the transmission of a prede 
termined number of bits. The input portions of the fibers 
are coupled to an optical splitter (314) which provides 
one copy of an input signal substantially simultaneously 
to each of the mput portions. In a preferred embodiment 
of the .nvention, a planar heater and overcoating are 
usedto control the thermal profile across the plurality of 
fibers. The device has also an optical combiner (318) 
and fusion-spliced interconnections (322,324). 
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Description 

Field of the Invention 

[0001] This invention relates to optical fiber-based 
digital delay lines. More specifically, it relates to a multi- 
fiber digital delay line incorporating nested optical fibers 
affixed to a substrate in a single physical plane. 

Background of the Invention 

[0002] Current broadband telecommunications net- 
works are being configured to carry increasing volumes 
of voice, data and multimedia information. To meet 
these increasing volume demands, such networks are 
being implemented using optical communications sys- 
tems technology. Prominent in present high-volume op- 
tical communications systems is the use of wave divi- 
sion multiplexed (WDM) or dense wave division multi- 
plexed (DWDM) optical communications schemes that 
are capable of placing many optical channels centered 
at different wavelengths on a single fiber. WDM and 
DWDM networks require sophisticated optical switching 
capabilities in order to selectively route these many 
channels among a number of traffic-carrying fibers. In 
order to appropriately buffer and sequence individual 
channels to be routed, for example, such switches com- 
monly employ optical delay lines. 

[0003] Optical delay lines may be formed using a va- 
riety of optical technologies (see, e.g., Kenneth P. Jack- 
son et al„ "Optical Fiber Delay-Line Signal Processing, 
" IEEE Transactions On Microwave Theory And Tech- 
niques, Vol. MTT-33, No. 3, March 1985, pp193, 194). 
Optical fiber delay lines have proven to be attractive due 
to their relatively low loss and low dispersion character- 
istics. Typical optical fiber configurations include recir- 
culating delay lines, multi-tap delay lines and multi-fiber 
delay lines. A recirculating delay line incorporates a fiber 
which partiallycloses upon itself (for example, by means 
of an optical coupler) so that signals introduced at one 
end of the delay line recirculate around the loop to be 
output with each transit cycle. Non-recirculating optical 
fiber delay lines such as multi-tap and multi-fiber delay 
lines produce only a single output signal at each output 
port in response to each input signal. 
[0004] The multi-tap structure consists of a fiber with 
taps distributed along its length, each tap being capable 
of providing a signal output. The output signals from 
each tap may be collected and output by an optical com- 
biner. Relative delays among the output signals are con- 
trolled by the relative placement of taps along the fiber. 
[0005] In a typical multi-fiber optical delay line, an op- 
tical signal is split and provided as input to two or more 
optical fibers of varying length (see, e.g., U.S. patent 
5,703,708, issuing to Das et al. on December 30, 1 997). 
The optical signals on each fiber's output are collected 
and output by an optical combiner. Where an optical sig- 
nal is provided simultaneously at the inputs of two fibers 
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of unequal length, the optical signal in the shorter fiber 
appears at the combiner at a point earlier in time than 
the optical signal in the longer fiber. Accordingly, delay 
may be controlled among the multiple fibers by adjusting 

5 the relative differences in length among the fibers. 
[0006] Longer fibers can.be packaged adjacent to 
shorter fibers by winding at least of segment of the add- 
ed differential length of the longer fiber onto a spool. Al- 
though the spool helps to lessen the space required, it 

10 introduces several difficulties. Variations in the physical 
length and tension of the optical fiber that result as it is 
wound onto the spool can cause variations in the effec- 
tive optical length of the fiber. In addition, optical length 
may vary with movement of the fiber on the spool. 

15 [0007] Such variations may be adjusted, for example, 
by incorporating a heater in the center of the spool to 
establish a stable thermal profile for the fiber on the 
spool. However, variations in the geometry of the spool 
and in the positioning of the fiber on the spool can make 

20 it difficult to establish stability in the thermal profile. 
[0008] Accordingly, it would be desirable to have a 
multi-fiber optical delay line that is easily connected to 
associated components, conveniently and compactly 
packaged, thermally stable and capable of being as- 

25 sembled and operable for high-speed, multi-fiber appli- 
cations. 

Summary of the Invention 

30 [0009] A multi-fiber optical delay line incorporates a 
plurality of optical fibers nestedly positioned so that the 
individual ones of the plurality of optical fibers are col- 
lectively positioned in a single plane. Input ends for each 
of the plurality of optical fibers are connected to an op- 

35 tical splitter, which thereby provides a copy of an input 
signal to each of the plurality of optical fibers substan- 
tially simultaneously. Each of the plurality of optical fib- 
ers has a unique, predetermined length, causing each 
copy of the input signal that travels over an associated 

40 one of the plurality of fibers to arrive at an output end of 
the associated fiber at the end of a unique interval in 
time. The nestedly planar structure and geometry of the 
delay line allows the optical length of each of the plurality 
of optical fibers to be precisely controlled. 

45 [0010] In a first embodiment of the present invention, 
each of the plurality of optical fibers includes an input 
segment and an output segment joined by a u-shaped 
connecting segment. The input segments are substan- 
tially parallel, equal in length and proximately positioned 

so so that input ends of the input segments all lie substan- 
tially near a straight line that is perpendicularto the input 
segments. Similarly, the output segments are substan- 
tially parallel, equal in length and proximately positioned 
so that output ends of the output segments all lie sub- 

55 stantially near a straight line substantially perpendicular 
to the output segments. Each of the u-shaped connect- 
ing segments of the plurality of optical fibers has a 
unique, predetermined length. To maintain a planar po- 
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sitioning, each of the plurality of optical fibers is affixed 
to a planar surface of a substrate. 
[001 1 ] in a second embodiment of the present inven- 
fton. the .output ends of the piura.ity of opScal fibe* a "e 
each further coupled to one of a plurality of input ports 
m an optical combiner, such that the optical combin er 
superimposes received signal copies from the plurX 

[0012] In a preferred embodiment of the invention a 
planar heater is attached to a second planar surface 'of 

tablisn/n S ° 3 tem P eratu - Profile may be es 
tabhshed and stabilized in the plurality of optical fibers 



Brief Description of the Drawing 

[001 3] a more complete understanding of the inven- 
tion T b6 ,° btained * r ^ding the fol.owing descrfp- 
^on of spec ,f lc illustrative embodjmems of B J> 

m conjunction with the appended drawing in which: 
FIG. ! shows the strucfure Qf a prjor opt . ca( 

mi o r ;r COrP ° rating 8 multi - fibe <- °Ptical delay line- 
ar fJlT at l S B SP0 °' f ° r h ° ,din9 a differenti «' 
Mne of FIG i" Pr '° r mUlt, '- fiber °P tical delay 

FIG. 3 shows a schematic diagram of an embodi- 
ment of the present invention- 
FIGs. 4A and 4B show schematic diagrams for sec- 
ond and third embodiments of the present inven- 

tion; 

FIG. 5 shows a schematic diagram for a fourth em- 
bodiment of the present invention; 
FIG. 6 illustrates an optical fiber and substrate pre- 
pared to be incorporated in the embodiment of FIG 
3; and 

FIG. 7 provides a cross-sectional view of the em- 
bodiment of FIG. 6. 

thn« J . F ° r consis,encv and ease of understanding 

alent ,hr en , S °l ^ ^ that are simi,ar <" 
thri , 6 . m ' fiCati0n numbers that are identical in 
the two leastsignificant digit positions (for example op 
jca. spNtterau of FIG. 3 and optica. sp.itter414 o FIG 



Detailed Description 

[0015] ln order to better understand the principles of 

art ofIT' ' nVenti0n - S6Veral k6y as P ects of ««• Pn'or 
art of first reviewed. 

mu°i!ioLx e F r?n 1 Showsthe st ™ture of a prior art optical 
mult plexer incorporating a multi-fiber optical delay line 
1 00 (see. e.g. U.S. patent 5.703.708. issuing to Das et 
a., on December 30. 1 997) An optica, signal fs provided 

ZIZ T SPlitter 118 " WHiCh Pr ° dUCes c °P ies °f thl 
T " ° U / SSparate fiber si 9 nal P^hs 1 03. 1 05 1 07 
Tcul IS ° h arS associate d with modulators 102 
104, 106 and 108, respectively. Modulated signals are 



output by the modulators 102, 104, 106 and 108 over 
signal paths 113. 115. 117 and 109. respectively and 
are coupled to inputs of optical combiner 1V0 o P S 

• Path' Z ViVSfTf 8 si9na,s 

SsiglS 11?: 1 1 7 1 1 9 to - du ~ a combined 00- 

SI! T0 P /° Vide f ° r the time -division multiplexing of 
?£ rnodulated b y the modulators ?02 104 

- Placed^n he 'fib PtiCal ^ ^ 112 ' 114 and H« « 

tors foi i m ^hT™ PathS aSS ° Ciated with mod ^' a - 
Si;! 06, 1 ° 8 ' res Pecti V ely. Delay lines 112 
1 1 4 and 1 1 6 produce signal delays T, 2T and 3T resoec 
t-vely .where the delay T corresponds to a desired Sm e 
period. S,gnal delays T . 2T and 3T are produced by se 
" ectmg optical delay lines 11 2> 114 and 1 1 6 with prede- 
termined lengths in the ratio of 1:2:3, respectively As a 
resuft. signals arr|vjng simu|taneous P ^e slqnal 
paths associated with modulators 1 04, 1 06 and 1 08 be 
20 Zl SPPearat OUlpUt 110 ° ne " two and three time 
Z o1l? SPeCt r ly - afterthe Wrance at the output 
110 o the s.gnal on the signal path associated with the 

aTd wtlhe T, ! i9na ' S ° n the Si9na ' P aths 
ated w, th the modulators 102. 104, 106 and 108 are ac- 

* ouSl 0 me " diViSi ° n mUltiP ' eXed ° nt ° the ^ P a " 
[0018] As depicted in FIG. 2, delay lines 112 114 and 
11 6 are each produced by winding an optica, fiolr 220 
of appropriate length onto a cylindrical spool 222 Vari 
ahons m the physical length and tension of the op« ca i 

* mer wound onto the spool 222 cause variations in he 

SZSST ,ength of the fiber 22 °- The eff6ctive op 

ical length. for example, determines the time required 
for an opt,cal signal of a given frequency to travel 

* Son^ f ' ber 22 °- A h6atin9 6lement * pS 
tioned on the central axis of the cylindrical spool 222 to 

toot th ef !, eCtiVe ° P,iCal ' en9th ° f the optica"beff 20 
to be thermally tuned and stabilized 

[0019] The delay line 1 00 of FIG. 1 may be ineffective 
to control, for example, optical lengths in highspeed 
" digrta, applications where the differences in JES 
length between delay lines 112. 114 and 116 of RG 1 
are quite small. In addition, this configuration will be in- 
effective for thermally tuning segments of optical fibei 
assorted with the delay Hnes 112, 114 and th« 

a IT W ° Und ° nt0 ,hS SP0 °' 222 ° f F,G - 2 ^or exlmp e 
a f<ber segment that comes off of the spoo 222 in order 
to provide optica, connection to the modulator T 02 oS 
HQ. 1 ) F.nally. it may be difficult orawkward to position 

- su P e I: ^u t ? P ° h 0,S ^ " 8 reaS ° nab,e PhySiCa ' e " Cl ° 
sure for mult.-fiber optical delay lines constructed with 

many individual optical fibers 

[0020] Substantial improvements over the prior art 

71 t S PrSS6nt inVention - whf oh Tncorpo 

5S 1Z* T d6,ay arran96d With a ^vel ge- 

fTg 7 0 TJT, b ° d 'T nt ° f thS d6 ' ay ,ine "'-trated in 
FIG 3. opt,cal f ,bers 302 of delay line 300 are nestedlv 
posmoned in a single plane. Each fiber includes an Zt 
segment 304 and an output segment 306 joined by a u 
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shaped connecting segment 308. The input segments 
304 are substantially parallel, equal in length and prox- 
imately positioned so that input ends 310. of the input 
segments all lie substantially near a straight tine that is 
perpendicular to the input segments. Similarly, the out- 
put segments 306 are substantially parallel, equal in 
length and proximately positioned so that output ends 
312 of the output segments all lie substantially near a 
straight line substantially to the output segments 306. In 
the embodiment of FIG. 3, each of the u-shaped con- 
necting segments 308 of the plurality of optical fibers 
302 has a unique, predetermined length. 
[0021] The input ends 310 of the plurality of optical 
fibers are further individually coupled to output fibers 
316 of an optical splitter 314 via a mass fiber intercon- 
nection 322. Optical splitters are well-known in the art 
and are available commercially from a number of sup- 
pliers including, for example, Photonic Integration Re- 
search, Inc. and Sumitomo Electric Lightwave Corp. 
Mass fiber interconnection methods are well-known in 
the art. A preferred method for mass fiber interconnec- 
tion is mass fusion splicing, which may be performed 
using equipment available from a variety of commercial 
vendors including Sumitomo Electric Lightwave Corp. 
and Fujikura Limited. 

[0022] An optical signal, for example, amplitude mod- 
ulated as a digital bit stream, is provided at an input 326 
of the splitter 314. Via output port fibers 316 that are 
formed, for example, in equal lengths in a ribbon, the 
optical splitter 314 provides copies of a single input sig- 
nal substantially simultaneously to each of the plurality 
of input segments 304 at the mass fiber interconnection 
322. The copies travel through input segments 304, con- 
necting segments 308 and output segments 306 until 
they reach input port fibers 320 of an optical combiner 
31 8 via mass fiber connection 324. Input port fibers 320 
are formed, for example, in equal lengths in a ribbon so 
that optical signals arriving at output ends 31 2 of optical 
fibers 302 may arrive in an equivalent time sequence at 
optical combiner 318. Optical combiner 318 combines 
the received signals into a single signal provided at com- 
biner output 328. The output 328 may typically be inter- 
connected with a conventional photodetector to detect 
the presence of the combined optical signal. Such pho- 
todetectors are commercially available, for example, 
from Lucent Technologies Inc. 

[0023] Because each of the u-shaped connecting 
segments 308 of the plurality of optical fibers 302 has a 
unique, predetermined length, optical signal copies in- 
troduced into the optical fibers 302 at input ends 310 will 
each travel along an optical fiber 302 of unique length 
to arrive at an associated output end 31 2 of the fiber302 
at a unique time. The relative delay in time AT R between 
the arrival of a signal on a shorter fiber of length and 
the arrival of a signal along a longer fiber L L can be ex- 
pressed as: 



AT R = n c *( L L - L s )/c (1) 

where n c is the refractive index of the core of the fiber 
5 and c is the speed of light in a vacuum (see, e.g., Jong- 
Dug Shin et al., "Fiber-Optic Matched Filters with Metal 
Films Deposited on Fiber Delay-Line Ends for Optical 
Packet Address Detection," Photonics Technology Let- 
ters, Volume 8, Number 7, July 1996, p. 941). The com- 
f 0 bined signal produced at combiner output 328 will incor- 
porate the relative delays among the signal copies ar- 
riving at output ends 31 2. 

[0024] By maintaining the optical fibers 302 in a single 
geometrical plane with input segments 304 and output 

15 segments 306 each including fiber segments of equal 
length positioned proximately, individual fiber lengths for 
the optical fibers 302 may be more easily controlled. 
Control of fiber length is extremely important in high- 
speed, bit-selective applications of the delay line in 

20 which differential lengths L L - L s may be extremely small 
(for example, as small as as five millimeters in 40 gigabit 
per second digital applications). 

[0025] FIG. 4A illustrates a second embodiment of the 
present invention. As in the embodiment of FIG. 3, op- 
25 tical fibers 402 of delay line 400 are nestedly positioned, 
substantially in a single plane. Input segments 404 and 
output segments 406 each contain fiber lengths that are 
substantially parallel, equal in length and proximately 
positioned. 

30 [0026] In contrast to the connecting segments 308 of 
FIG. 3, the fiber lengths in the connecting segments 408 
of FIG. 4 further incorporate coil segments 409. Coil 
segments 409 lie substantially in the single plane de- 
fined by the optical fibers 402, and provide a compact 

55 means for increasing the lengths of the optical fibers 402 
over the lengths of the optical fibers 302 of FIG. 3. This 
embodiment may be important in optical buffering appli- 
cations where an absolute time of delay AT A is of impor- 
tance , as measured from the time that copies of the sig- 

40 nal are provided to input ends 410 of FIG. 4 until the 
time that a copy first appears at the output end 412 of 
the short fiber length L^: 

45 AT A = n c *L s /c (2) 

where the fiber length L s incorporates lengths associat- 
ed with an input segment 404, an output segment 406 
and a connecting segment 408 (including a coiled seg- 

50 ment 409). 

[0027] In FIG. 4A, a small crossing segment 41 1 of u- 
shaped connecting segments 408 of optical fibers 402 
rests in a plane parallel to and slightly above the plane 
defined by connecting segments 408, input segments 

55 404 and output segments 406. Alternatively, the cross- 
ing segment 411 of FIG. 4A may be eliminated entirely 
as shown in delay line 401 of FIG. 4B. Delay line 401 
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eliminates crossing segment 411 of FIG. 4A by startinq 

soS«r 0 ? Se9ment 409 W,th 8 U " Sha P ed P°>«°n 413 
mlt ]^' r S 0rt '° n 415 interco ™ectingto ™ Inputseg- 

To ,tn?t 8 8 S6C0nd P ° rti0n 417 '"^connecting to 
an output segment 406 are both coiled from the center 

to the penphery of the coil 409. The embodiment of FIG 

4B ,s preferred over that of FIG. 4A as it enables all of 

roo 2 S 9m TH 4 °l t0 bS P ° Siti0ned in a sin 9 ,e P'ane. 
[0028] The embodiments of FIGs 4A, 4B may be fur- 
ther modified, for example, as shown in FIG. 5 such that 
the u-shaped segments 508 of individual fibers in FIG 
5 include coil segments 503 and 505 of varying lenqths 
as well as a u-shaped segment 507 of one fiberTat 
omits the coil segment entirely. This modification to the 
embodiment of FIG. 4 may be important in applicalns 
where the relative time of delay AT R of equaiionT ) is 
reared to be large (for example, for multiple bit se 
quences in high speed applications or for lower speed 
applications). K 

fofll P,? Pt L Ca ' fiberS 302 ° f RG - 3 " 402 of FIG - 4 and 
502 of FIG. 5 must be positioned in a well^ontrolled 
manner ,n the single plane in order for fiber lengths to 
be adequately controlled. For example, as shown in 
FIG. 3, .t ,s desirable that the fibers comprising the input 
segments 304 and the output segments 306 each be 
positioned in a straight line with a separation between 
fcbers set at a standard pitch (for example, equal in a 

nfl ar >K fT" 1 °° and 1 05 percent of the dimeter 
of the fiber). Also, it is desirable for the fibers to be po- 

srtioned such that input ends 31 0 and output ends 312 
all lie substantially near a straight line perpendicularly 
positioned w,th respect to fibers comprising input seg 
ments 304 and output segments 306, respectively. This 
geometry guarantees that fibers comprising input seg- 
ments 304 will be of equivalent length, and that that fib- 
ers comprising output segments 306 will be of equiva- 
lent length. In addition, connecting segments 308 must 
be portioned to guarantee that associated optical fibers 
rn^f 6 3 Unique ' Predetermined length 
SSJ « P PtiCa ' fib6rS 302 may be P os ''«oned in a well- 
contro led manner using, for example, an automatedco- 
ord.nate-based fiber routing apparatus and method as 
described in U.S. Patent No. 5,259,051, issuing to Bu- 
rack et al. (the "Burack patent") on November 2 1 993 
and which is hereby Incorporated by reference.' Using 
the apparatus and method of the Burack patent a ma 
nipulator is controlled to move in an X-Y plane and 
around a vertical axis in order to position an optical fiber 
ZZf ■! S r" C ° ated subst rate. In accordance with 

icL T^ln ^ ' ine ° f RG - 3 ' F,G - 6 i,lustrates ^ op- 
fical fiber 650 routed according to this method. The fiber 

650 is positioned on a planar surface of a substrate 652 

for example, as follows. Starting end 654 is pressed 

against the substrate 652, and a first length of fiber is 

laid against the substrate in an X direction for a distance 

656 A semi-circular length 658 is next laid against the 

!h r, S I" 3 ' en9th 6qUal t0 the le "9 lh de *ired for the 
shortest fiber in the connecting segments 308 of FIG 3 
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A fiber length 660 is then laid against the substrate 652 
m an opposite X direction for a distance 660, anda semt 

end al T ^ " laid 39ainSt the --strate 652 " 
5 , ? StanCe fr0m the startin 9 e " d 654. Another 

?,h r 9 ?, ' S ' aid 8 diStanCe 656 ,n the X ^ecZTeZ 
to the f,rs length laid in the X direction. This pattern £ 
peats until a desired number of additional loops 664 are 
laid ,n a layered or nested fashion around the first loop 
10 , Start ' n9 6nd 654 ' a ,en 9 ,h 6 56. semi-circular 

^ h ^ f ' en9,h 660 ands emicir C u.ar loop 662 Arte 
the desired loops are laid against the substrate the fiber 
•s cut atf mishing end 666. Fina.ly, the fiberand subst^te 
are severed at splitting line 668, with the segment left 
» the T ,n9 668 bei " 9 Wmmed away'uch that 

TJl T P addm ° na ' ' 00PS 664 beco ™ open 
loops beginning at input ends 610 and terminating at 
outpu ends 612. These ends are then fastened toYe 
mass fiber interconnections 322 and 324 of FIG 3 re 
spectively. ' 1 

[0031] FIG 7 shows a cross-section 770 through sec- 
ton 670 of FIG. 6. Optfca, fibers 763 and 765 are 
pressed into an adhesive coating 772 in orderto come 
into fixed contact with planar substrate 752 An over- 
2s Si 74 " the ," applied ° ver the ad "esive coating 
*J ^ 763 and ?65 ' and a P ,anar h **ter 776 

is attached to a lower surface of the p.anar substrate 
752. Such heaters are well-known in the art and are 
commercally available, for example, from Minco Prod- 
ucts, Inc. Overcoating 774 serves as an encapsulating 
so finer materia, to fill the air gaps surrounding the fS 

Zt B "lZ e eVe " tranSfer ° f heat between the planar 
heater 776 and the fibers 763 and 765. and may be a 

commercially-available thermally-conducting silicone 
material available, for example, from Dow Corning Cor 
poratiorK The overcoating 774 and heater 776 thereby 
establish a stable thermal profile for the optical fibers 
763 and 765 that helps to stabilize the effective optical 
length of the fibers 763 and 765. 

40 I° r S ^f^P 1 ^ embodiments described above 
are but one of a number of alternative embodiments of 
the mvention that will be apparent to those skilled in the 

art in view of the foregoing description. Accordingly this 
descn pt , on is t0 be constmed as j||ustrat . ve 9 y, 

for the purpose of teaching those skilled in the art the 
best mode of carrying out the invention. Various other 
alternatives can be devised by a worker skilled in the art 
without departing from the teachings of this invention 
For example, the input segments 304 and output seq- 
ments 306 of FIG. 3 may be positioned to have other 
than a parallel relationship to each other (e.g., the input 
segments 304 may be perpendicular to the output seg- 
ments 306). In addition, the output fibers 316 of the op- 

HnlXT "* *" flW °' the °P tica ' 'om- 

that the optica, fibers 302 may be positioned in more 
than one plane. 
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Claims 

1 . An optical delay line capable of receiving an optical 
input signal and of outputting a plurality of copies of 
the input signal that are delayed in time with respect 5 
to each other, the delay line comprising: 

a plurality of optical fibers each having an' input 
end, and positioned substantially in a single 
physical plane and in nested relation each to 10 
the others such that each of the plurality of op- 
tical fibers has a unique predetermined optical 
length; and 

an optical splitter arranged to produce a plural- 
ity of copies of the input signal and provide one '5 
copy of the input signal substantially simultane- 
ously to each one of the plurality of input ends; 

whereby each of the plurality of copies traverses a 
particular one of the plurality of optical fibers over a 20 
unique interval in time to arrive at an output end of 
the particular one of the fibers, the unique time in- 
terval being related to the predetermined optical 
length of the particular one of the fibers. 

25 

2. The delay line of claim 1 , wherein each fiber in- 
cludes one or more fiber segments. 

3. The delay line of claim 2, wherein the one or more 
fiber segments include: 30 

an input segment, wherein the input segment 
includes the input end, and individual ones of 
the input segments for the plurality of optical fib- 
ers are collectively and co-linearly positioned 35 
substantially in the single physical plane so that 
the input ends of the individual ones of the input 
segments lie on a line substantially perpendic- 
ular to the individual ones of the co-linear input 
segments; 40 
an output segment, wherein the output seg- 
ment includes the output end, and individual 
ones of the output segments for the plurality of 
optical fibers are collectively and co-linearly po- 
sitioned substantially in the single physical 45 
plane so that the output ends of the individual 
ones of the output segments lie on a line sub- 
stantially perpendicular to the individual ones 
of the co-linear output segments; and 
a connecting segment, wherein individual ones so 
of the connecting segments for the plurality of 
optical fibers are collectively and nestedly po- 
sitioned in the single physical plane. 

4. The delay line of claim 3, wherein the connecting 55 
segment is u-shaped. 

5. The delay line of claim 3, wherein ones of the plu- 



10 

rality of input segments have substantially equiva- 
lent optical lengths, ones of the plurality of output 
segments have substantially equivalent optical 
lengths and each of the plurality of connecting seg- 
ments has a unique predetermined optical length. 

6. The delay line of claim 3, wherein each of the plu- 
rality of input segments has a unique predetermined 
optical length, each of the plurality of output seg- 
ments has a unique predetermined optical length 
and ones of the plurality of connecting segments 
have substantially equivalent optical lengths. 

7. The delay line of claim 2, wherein the one or more 
fiber segments include a singular segment, the sin- 
gular segment being u-shaped and including the in- 
put end and the output end, and wherein singular 
segments for each of the plurality of optical fibers 
each have a unique predetermined optical length. 

8. The delay line of claim 7, wherein input ends for 
each of the plurality of optical fibers lie substantially 
on a first line and output ends for each of the plu- 
rality of optical fibers lie substantially on a second 
line. 

9. The delay line of claim 8, wherein the first line and 
the second line extend to form a single line. 

1 0. The delay line of claim 1 , wherein a difference d be- 
tween the predetermined optical length of a first one 
of the plurality of optical fibers and the predeter- 
mined optical length of a second one of the plurality 
of optical fibers is equivalent to an optical length that 
would be traversed by a digital optical input signal 
during a time period required for the transmission 
of a predetermined number of bits in the digital op- 
tical input signal. 

11. The delay line of claim 1, wherein the nested posi- 
tion of the plurality of optical fibers is maintained in 
the single plane by bonding said plurality of optical 
fibers to a first planar surface of a substrate. 

12. The delay line of claim 11, wherein the substrate 
comprises a rigid, dimensionally stable material. 

13. The delay line of claim 12, wherein the material is 
selected from the group consisting of MYLAR, glass 
epoxy and polyimide. 

14. The delay line of claim 1 further comprising an op- 
tical combinerfor combining the input signal copies 
arriving at the output ends of the plurality of optical 
fibers to form a single output signal. 

15. The delay line of claim 3, wherein the nested optical 
fibers are further concentrically wound into a coil, 
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such that the input segments and the output seg- 

ZTJL n6Sted ° PtiCal fibers P™™tely 
project from a circumference of the concentric coil. 

The delay line of claim 3, wherein the connecting 
segment of at least one optical fiber further includes 
one or more concentric loops, the concentric loops 
being substantially positioned in the single plane 
and bonded to the substrate surface. 

17. The delay line of claim 11, further comprising a pla- 
nar heater affixed to a second planar surface of the 
substrate. 

18. The delay line of claim 17. wherein said planar heat- 
er is selectively energized to establish a predeter- 
mined, stable thermal profile in the plurality of opti- 
cal f.bers such that drift and jitter in the optical fibers 
are substantially eliminated. 

19. The delay line of claim 18, wherein said planar heat- 
er is a thin film heater. 

20. The delay line of claim 1, wherein the plurality of 
optical fibers are multimode fibers. 

21. The delay line of claim 1, wherein individual ones 
of the input segments are spaced at a standard 
pitch so that a first uniform distance between a cen- 
tral axis of a first input segment and a central axis so 
of an adjacent input segment is between 100 and 
105 percent of a diameter of the first fiber. 

22. The delay line of claim 1, wherein individual ones 
of the output segments are spaced at a standard 
pitch so that a first uniform distance between a cen- 
tral axis of a first output segment and a central axis 
of an adjacent output segment is between 100 and 
105 percent of a diameter of. the first fiber. 

23. An optical delay line for producing copies of an op- 
tical mput signal that are delayed in time with re- 
spect to each other, comprising: 

an optical splitter arranged to produce a plural- 
ity of copies of the optical Input signal- 
a plurality of optical fibers each positioned sub- 
stantially in a single physical plane and in nest- 
ed relation each to the others such that each of 
the plurality of optical fibers has a unique pre- 
determined optical length; and 

means for coupling one copy of the input signal sub- 
s antially simultaneously to each one of the plurality 
of the fibers. ' 
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